ABSTRACT This paper presents a novel and analytical approach to identifying a lightning strike after it has struck an overhead transmission line. The identification method is mainly based on the traveling waves' time-domain parameters, such as polarity, amplitude, and half-wavelength. The main differences in these parameters across different strike types are analyzed. Subsequently, a robust identification algorithm is proposed. An instrumentation system is implemented to verify the algorithm. The overall performances of the instrumentation system and the methodology are demonstrated using an on-site application with excellent results.
I. INTRODUCTION
It is well known that overhead transmission line (OTL) faults produce power outages, which affect users and may lead to significant losses especially for the manufacturing industry [1] - [3] . With regards to the possible cause of faults on OTLs, most faults in OTLs result mainly from a lightning strike. As much as 87.1% of outages on 500 kV OTLs are caused by lightning strikes in the China Southern Power grid [3] . Unfortunately, to a large extent, it is impossible to control lightning activities artificially, so increasing the defense capability of the OTLs is a reliable way to avoid the faults caused by lightning.
Lightning strikes on OTLs are manifested in two ways; first, lightning can strike the shielding wire (mid-span or tower top) to create back flashovers. Second, lightning can also strike a phase conductor, leading to a ''shielding failure.'' Different strategies should be applied to increase the OTL's defense capabilities in different lightning strike types. Strengthening the insulation and cutting the footing resistance of the OTL is a common measure used to solve the back flashover while increasing the protection angle is an effective way to deal with shielding failure [4] . So identifying the lightning strike type with efficiency and accuracy can make the lightning protection work more efficiently, meanwhile, cut the loss of the power outages, as a result, to enhance the asset utilization ratio of OTLs.
A. MAIN OBJECTIVE AND RELATED WORK
The fault types of OTLs could be roughly divided into lightning induced fault and non-lightning induced fault, and the lightning induced fault is mainly made up of back flashover and the shielding failure. As a result, the identification of lightning refers the lightning induced fault, back flashover, and the shielding failure.
At present, the research on identification of lightning induced fault and non-lightning induced fault mainly focus on the fault position and fault transient current. Diendorfer [5] and Kappenman [6] , [7] makes use of the correlation between the fault recording system and the lightning location system to discriminate whether a fault is caused by lightning.
While others focus on whether the transient current traveling wave is caused by a line fault or interference induced by a lightning strike. Different signal process tools such as time domain, frequency domain [8] , S transform [9] , wavelet [10] , and principal component analysis (PCA) [2] are widely used in this analysis. The results of identification help the high speed relay protection system avoid maloperation [8] - [10] .
As for the strike type recognition, the main method is to find the path of the lightning current. Reference [11] reported a device named pathfinder, which could record the path of the lightning current. In recent years, laboratory equipment [12] , [13] , such as the Rogowski coils installed in towers and insulators, are also implemented to capture lightning currents so as to determine the lightning current path.
This equipment is very useful to accumulate the parameters of lightning, but it has a low detection efficiency because the lightning current could be captured only at the attack point with the detection equipment, it will be a huge investment if the equipment is installed at all OTL towers. So a methodology to identify the strike type with efficiency and accuracy is needed to guide the lightning protection work.
B. CONTRIBUTION
When a lightning attack an OTLs, each line will produce current traveling wave, which contains the fault information due to the line intercoupling.
This paper, aims to apply the transient current traveling from OTLs, proposes a feasible methodology with efficiency and accuracy of lightning strike type identification. Firstly, the key time-domain parameters of the fault transient current traveling waves, such as polarities, half-wave length, and amplitude, were analyzed in different fault type. Then a discrimination methodology was proposed by considering the key parameters. In addition, an instrumentation system was designed to capture the transient current traveling wave.
Based on the architecture, we also conducted 3 case studies and thereafter summarized the most interesting results.
1) The polarities of the three phases transient traveling wave are the same, when a back flashover occurs, while the polarity of one phase of the transient current traveling wave is opposite to that of the other two phases when shielding failure and line fault occur. So the polarities of traveling waves can be used to identify the back flashover.
2) The maximum amplitude of non-lightning induced fault voltage traveling waves is determined by the work voltage level, while the minimum amplitude of lightning-induced current traveling waves is determined by the insulation level, the power frequency amplitude at the striking moment which is several times larger than the non-lightning induced voltage traveling waves. For a specific OTL, the distributed parameters are the same, so the same conclusion can be obtained for the current traveling waves.
3) The half-wave length of the non-lightning induced current traveling waves can be modified by the parameters of the current sensor, while the half-wave length of the traveling wave fault caused by shielding failure is several microseconds, no more than 10 µs.
II. PROPOSED IDENTIFICATION METHODOLOGY
The fault of OTL can be divided into lightning induced fault and non-lightning induced fault. The lightning induced fault can also divide into a back flashover (as shown in Fig. 1 -a and Fig. 1-b )and shielding failure(as shown in Fig. 1-c) ; The non-lightning induced fault contains singlephase grounding, line-to-line fault, two-phase grounding and three-phase fault. Fig. 1-d is a single-phase grounding fault. The proposed methodology is to identify the lightning strike types(back flashover and shielding failure ).
A. THE POLARITIES AT DIFFERENT FAULT 1) THE POLARITY OF NON-LIGHTNING INDUCED FAULT
In order to analyze fault precisely, the traveling waves usually convert to the independent modal components using Karenbauer transformation matrix. Assuming the groundmode current is I 0 , and the aerial mode current is I 1 , and I 2 , respectively, at fault point. The rate of decay is different between the modal components because of the different distributed parameters. So suppose the attenuation coefficient of ground-mode and aerial-mode, from fault place to the detect point Y , are a 1 (ω) and a 2 (ω), respectively. The transient current at detect point Y can be extracted by Karenbauer inverse transformation.
where, I YA (ω), I YB (ω) and I YC (ω) are the transient currents at detect point Y , respectively. Theoretically speaking, a 1 (ω) and a 2 (ω) are frequency dependent, and there is 0< a 1 (ω) < a 2 (ω) < 1 with each specific frequency, so the a 1 (ω) and a 2 (ω) can be simplified as a 1 and a 2 in the polarity analysis of non-lightning induced fault, and then the Karenbauer inverse transformation can be simplified as
Assume the transient currents at fault point are I A , I B , and I C . Based on the different fault boundaries, I YA , I YB , and I YC are varied.
Taking the single-phase grounding fault, for example, the current boundary is I A = 0, I B = 0 and I C = 0. By Karenbauer transformation, the relationships between I 0 , I 1 and I 2 , are derived as:
So the transient currents I YA , I YB , and I YC can be donated as:
Since a 1 < a 2 , I YB and I YC share the same polarities, and I YB and I YA have different polarities.
The analysis of other fault types can be obtained from the appendix.
2) THE POLARITY OF BACK FLASHOVER
When a lightning strikes the towers, as shown in 1-b, the induced voltage, U gd on the OTL is [14] 
where, Ri is impulse grounding resistance, L T denotes the tower equivalent inductance, i T represents the current flowing through the tower, β denotes the induced overvoltage coefficient (kV/m). When the center of the shielding wire is attacked, as shown in 1-a, supposing the voltage at strike point K is U k , then the induced voltage, U , on the line is [14] 
where, k also represents the coupling coefficient between conductor and shielding wire (0 < k < 1). It can be obtained that the induced voltage polarities among the three phases in back flashover are the same, so do the transient current traveling waves.
3) THE POLARITY OF SHIELDING FAILURE
If a shielding failure occurs on an OTL, the analysis result is the same as single-phase grounding, so the transient current in fault phase has opposite polarity to the others.
In all, if a back flashover occurs, the polarities of the three phases of the transient current traveling wave are the same. While a non-lightning induced fault or a shielding failure occurs on an OTL, there is at least one phase of transient current, which has opposite polarity to the others.
B. THE AMPLITUDE AT DIFFERENT FAULT
As mentioned before, the back flashover can be identified by the polarities, while shielding failure will only result in a single-phase grounding fault. Hence, the key is to find the difference between shielding failure and single-phase grounding fault.
1) SINGLE-PHASE GROUNDING FAULT
When a single-phase grounding occurs in an OTL, the boundary is as follows,
where, U over is the line voltage prefault, i fltA , i fltB , and i fltC represents the fault current traveling waves, respectively. u fltA is the virtual voltage according to superposition principle, and R fltA is the foot resistance.
The model components will be obtained by Karenbauer transformation as shown in
The equivalent circuit of the fault traveling wave is shown in Fig. 2 , and the fault current traveling wave is expressed in (9) .
Here in (9), Z mod0 , Z mod1 and Z mod2 represent the model wave impedance. 
2) SHIELDING FAILURE
The reason for shielding failure is the increase in voltage between the insulator caused by lightning exceeding the maximum withstand voltage V max , which is usually several times the working voltage level. When a shielding failure occurs, the amplitude of the traveling wave V trvl is determined by the V max , and the phase of the power frequency voltage V f . If the polarity of lightning is the same as V f at the attack moment, the V trvl is the sum of the V max and the V f ; as shown in Fig. 3 -a, otherwise, V trvl is the subtraction of the V max and the V f as shown in Fig. 3-b .
The equivalent circuit of a shielding failure is shown in Fig. 4 .
In Fig. 4 , I l is the lightning current, Z is the wave impedance of the lightning. I trns is the traveling wave at the attack point. When the shielding failure flashover occurs, amplitude of I trns is determined by the V trvl , and can be calculated by 
3) THE DIFFERENCE OF AMPLITUDE
Comparing the (9) and (10), if the R fltA is 0, the maximum I trnsA will be gotten, meanwhile, the minimal I trns will be obtained if the V f is the peak amplitude at the flashover moment, while the polarity of lightning is different from V f . For the 500 kV OTL, the maximum withstand voltage V max are 1425 kV 1550 kV and 1675 kV, respectively, [15] If V max takes the minimum value 1425 kV, then the minimum overvoltage caused by lightning is 1016.8 kV. While the maximum work voltage is about 408 kV. For the specific OTL, the I trns will be at least 2.49 times larger than the I trnsA . The model wave impedance is determined by the distributed parameters of the OTL. Ordinarily, the higher the voltage level, the smaller the model wave impedance is. Table I summarizes the model wave impedance of a typical 500 kV OTL in China. Table I shows that the aerial mode wave impedance ranging from 189.9 to 271.5 , and the earth mode wave impedance ranging from 562.8 to 651.2 .
The maximumI trnsA will be obtained if the tower type with the smallest model wave impedance is chosen, here is Compact Double-circuit, and the calculated maximum I trnsA is about 1298.9 A for 500 kV OTLs.
For the shielding failure, the minimum I trns will be obtained if the tower type with the largest model wave impedance is chosen, here is DFZ 1 , and the calculated maximum I trns is about 2554.78 A for 500 kV OTLs.
C. THE HALF WAVE LENGTH AT DIFFERENT FAULT 1) SINGLE-PHASE GROUNDING FAULT
When a single-phase grounding fault occurs on an OTL, the fault current traveling wave can be considered as a step signal in the short time at postfault, as shown in Fig. 5 . While all the sensors and signal condition modules (e.g., Rogowski coils and integrators) can be considered as bandwidth filters [16] . If the lower cut-off frequency of the signal conditioning module is larger than 50 Hz, the output of the signal conditioning module can be
where, C is the scale factor, and a d is the time constant. (11) means that the output will jump from zero to a peak C followed by an exponential decay back to zero with a time constant of a d , where a d is set by the sensor and signal condition module.
2) SHIELDING FAILURE
When shielding failure occurs, the half-wave length of the traveling wave will be much shorter than the lightning waves due to the flashover. It is very similar to the lightning chopped wave.
The standard half-wave length of lightning chopped wave is about 6 µs [17] . So the half-wave length of shielding failure that caused a traveling wave will also be several microseconds, but no more than 10 µs.
D. THE IDENTIFICATION ALGORITHM 1) THE IDENTIFICATION MODEL
From the prior analysis, it can be seen that the polarities among three phase OTLs can be identified as the back flashover.
The minimum I trns is about the 2554.78 A, while the maximum I trnsA is about 1298.9 A. Furthermore, the halfwave length in a shielding failure is no more than 10 µs, while the half-wave length in a single-phase grounding is determined by the data acquisition system. So the difference in the characteristic above could be used to identify the stroke type.
Define the current change rate of traveling wave Rate as.
where, i(s) is the first traveling wave of the transient current. t w is the half-wave length of the first traveling wave, If a d in (11) is set at 3.6×10 −5 , the half-wave length will be 25 µs, so the maximum Rate of the single-phase grounding fault is 51.9 A/µs, taking the voltage range into account, the safety factor can be set at 1.1, so the modified maximum Rate is about 57.09 A/µs.
While the minimum Rate of the shielding failure is about 255.5 A/µs according to (12) .
2) THE ELIMINATION OF TRAVELLING WAVE ATTENUATION
It is well known that the traveling wave will decay and distort along the OTLs. Furthermore, the ground mode of a traveling wave has a much faster decay rate than the aerial mode. For the shielding failure and single-phase grounding fault, the amplitude of a ground mode is equal to the aerial mode. The effect of ground-mode decay can be eliminated by subtracting the ground-mode according to (2) .
Moreover, taking the attenuation of the aerial mode into consideration, the OTL models with different tower type in Table I are established in PSCAD, and a lightning current with an amplitude of 100 kA and a wavelenght of 8-20 µs is produced, the aerial mode should be 16.67 kA according to (4) . Recording the amplitude of aerial mode in the 20 km interval, the results show that the aerial mode decays slowly when the distance increases, no more than half of the amplitude is decayed even at 100 km far away as shown in Fig. 6 . The same conclusion could also be obtained with different tower types. So the maxim damping factor a 2 could take 0.5. In conclusion, if a shielding failure or single-phase grounding fault occurs, the effect of attenuation could be eliminated by choosing an appropriate threshold. For a shielding failure, if only the aerial-mode is taken into consideration, the minimum Rate at the fault point could be modified as 170. As a result, the strike identification procedure is described in Fig. 7 and explained as follows:
Step 1: Choose the fault current with three phase traveling waves. If the polarity of the traveling waves is the same, the fault is most likely a back flashover, otherwise, it could be a non-lightning induced fault or shielding failure.
Step 2: Check the fault type from the protection system, if the fault is a single-phase fault, it might be the shielding failure or single-phase grounding fault; otherwise, it is not a lightning induced fault.
Step 3: Choose the data with A B C traveling waves, and get the aerial mode by figuring out whether the Rate is bigger than 80 or not, if so, the fault is a shielding failure; otherwise, it should be a single-phase grounding fault.
III. SYSTEM DESIGN
In order to verify the proposed methodology, an instrumentation system is developed as shown in Fig. 8 . The system consists of several groups of fault recorders(FR), wireless communication system and a remote monitoring master station. Theoretically speaking, one group of FRs is enough to identify the lightning strike, more than one group designed into the system is for the redundancy. Each group has three FRs, which are corresponding to three phases A, B, and C. One is chosen as coordinator, while the other two are considered as nodes. All the FRs pre-sample conductor current all the time, and once a fault occurs, the nodes first capture the fault current, and then transmit the prefault and postfault waveforms of fault current to the coordinator by the ZigBee wireless communication network, the coordinator takes all the fault currents of the three phases together, and transmits them to the monitoring master station by the GPRS/CDMA remote wireless communication network. The key parameters of the FRs are as follows: Current range: 0-10 kA, Bandwidth: 1 KHz-1 MHz; Sample length: 5 ms; Sample rate: 10 MHz. Synchronization precision: 1 µs. The remote monitoring, master station identifies the shielding failure, back flashover and non-lightning induced fault using the fault current traveling wave.
IV. FIELD VERIFICATION
The instrumentation system has been implemented in over 500 OTLs in China and has achieved excellent performance. Three typical cases, namely, single phase to ground fault, back flashover, and shielding failure, were chosen to demonstrate the work flowchart of this system:
The OTL length was 137.089 km, FRs were installed at Towers #172 and #267 with corresponding distances of 70.4 km and 121.82 km, respectively. On 08/16/2012 16:12:18 UTC, the FRs captured the traveling wave successfully and the captured data is shown in Fig. 9 and Fig. 10 , where absence data of a specific phase show a loss of capture.
Because the polarities of the first traveling waves were the same among the 3 phases at #267, so the fault type was back flashover.
The fault location system showed that the fault was near the Tower #214, the lineman found the glass insulator and the grading ring of the jumper in Tower #214's phase B had arc trace as shown in Fig. 11 .
Furthermore, LLS results showed that lightning with an amplitude of 308.6 kA occurred near Tower #214 on 08/16/2012 16:12:18 UTC. However, the verified lightning withstands capacity of Tower 214 was 213.74 kA.
All the evidence showed that the fault was a back flashover, which was in accordance with the methodology used in this paper.
B. CASE 2 (SHIELDING FAILURE)
The OTL was a double circuit, and the length was 148.440 km. The FRs were installed at Towers #189 and #240 with On 05/28/2013 17:28:28 UTC, the FRs captured the traveling wave successfully and the current data is shown in Fig. 12 and Fig. 13 .
In Fig. 12 , the polarity of the A phase was opposite to the B and C phase on Tower #189 indicating either shielding failure or non-lightning induced fault, Moreover, the protection system showed that the fault was A phase fault, so the Rate needs to be calculated. The peak value of traveling wave was 3969 A ,1208 A 1309 A on Tower #189, so the peak value aerial mode is 3515 A, while the half-wave length is 10.5, then the Rate was 334.7 according to (12) , much larger than 80 A/µs; so the fault was shielding failure and not nonlightning induced fault.
The inspection results in Fig. 14 showed that the A phase conductor and grading ring had an arc trace on Tower #156, which means a lightning strike had attacked the conductor. The same conclusion was obtained by the identification methodology. 
C. CASE 3 (SINGLE PHASE TO GROUND FAULT)
The OTL was a double circuit, named I and II. The length was 186.642 km, and the FRs were installed in towers #204 and #267. The corresponding distances were, 95.503 km and 125.37 km, respectively.
On 12/30/2012 06:08:56 UTC, the FRs in OTL II captured the traveling wave successfully. The captured data is shown in Fig. 15 and Fig. 16 .
In Fig. 16 , the polarity of B phase was opposite to A and C phase on Tower #267, so the fault was due to either shielding failure or non-lightning induced fault. Furthermore, the protection system showed that the fault is B phase fault, the Rate need to be calculated. The peak value of traveling wave was −470 A, −225.6 A and 1155 A on Tower #267, respectively, so the peak value aerial mode is 931.7 A. While the half-wave length is 25 µs, then the Rate was 37.2 according to (12) , much less than 80 A/µs; So the fault was caused by a singlephase grounding fault and was not a shielding failure.
Meanwhile, FRs on OTL I also captured the event in Towers #204 and #267 on UTC 12/30/2012 06:15:12, and the data in phase B at Tower #267 was lost. The information about the traveling wave is shown in Fig. 17 and Fig. 18 . The polarity of A phase was opposite to B and C phase on Tower #204, so the fault was not due to back flashover. Furthermore, the protection system showed that the fault was A phase fault, so the Rate need to be checked. The peak value of traveling wave was -1254 A, 409.2 A and 299.2 A on Tower #204, respectively, so the peak value aerial mode is 1072 A. While the half-wave length is 26 µs, then the Rate was 41.23 according to (12) , much less than 80 A/µs; So the fault was caused by a single-phase grounding fault and was not a shielding failure.
The fault location system showed that the fault was near Tower #36. The utilities found a broken shield wire between Towers 35 and 36. One terminal of the broken shield wire laid on the C phase conductor of OTL I and drooped to the ground. The other end of the broken shield wire laid on another OTL in a vertical direction to the OTL I, as shown in Fig. 19 . So the broken shield wire caused two single phase to ground faults, which was also the same with the proposed methodology.
V. CONCLUSION
The transient traveling waves contain much valuable information for use in lightning strike diagnosis and analysis. Up to date, TOAs have been used for fault location, and polarity has been used for traveling protection. The half-wave length, polarity and amplitude are used to identify the lightning strike type in this paper. In fact, the original transient traveling waves at fault point were determined to be the most useful. Unfortunately, they are very hard to obtain. The system presented in this paper obtained the traveling waves along the OTLs. The inverse theory can be used to inverse the traveling waves at the fault point, which is a research area planned for future work.
VI. DISCUSSION
The algorithm for identification in this paper can be also used for other voltage levels, such as 110 kV and 220 kV. Due to the different insulations of different voltage levels, the V max are different from each other. She leads the effort to build a nationwide power system frequency monitoring network. Her current research interests are power system monitoring and analysis, power quality and transient analysis, and power system equipment modeling and diagnoses.
